JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org.
Introduction
When C 3 plants are grown under elevated CO 2 concentrations, they usually have increased photosynthetic rates and carbohydrate synthesis, at least in the short term, and increased plant biomass in the longer term (Bazzaz 1990; Newton 1991; Koch and Mooney 1996; Kö rner and Bazzaz 1996) . These responses vary with the availability of water and nutrients (Wong 1979; Bazzaz 1990; Poorter et al. 1996) . Because regrowth following grazing is determined to some extent by the reutilization of stored C reserves and current photosynthate, it has been hypothesized that the amount of aboveground regrowth will be enhanced (Ryle and Powell 1992; Pearson and Brooks 1996; Polley 1997) . Furthermore, because the response of plants to elevated CO 2 is largely sink limited, the increased sink strength in clipped plants might lead to a larger and more sustained increase in photosynthesis and biomass accumulation (Arp 1991; Poorter et al. 1996) . This means that growth increases in response to elevated CO 2 should be proportionally larger with grazing or clipping. However, many studies have shown that the amount of regrowth is a function of tissue N concentration (McNaughton et al. 1983; Hamilton et al. 1998; Skinner et al. 1999) , and because leaf N content usually decreases in plants under elevated CO 2 (Cotrufo et al. 1998) , the amount of regrowth might actually be reduced under elevated 1 Current address: Department of Botany, 353 Bessey Hall, Iowa State University, Ames, Iowa 50011, U.S.A.; e-mail bwilsey@ iastate.edu.
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CO 2 (Wilsey 1996) . For example, Skinner et al. (1999) found that elevated CO 2 reduced N remobilization and the contribution of remobilized N to shoot regrowth.
There are relatively few experimental tests of whether elevated CO 2 will affect how plants respond to herbivory (Fajer et al. 1991; Wilsey et al. 1994 Wilsey et al. , 1997 Arnone et al. 1995; Pearson and Brooks 1996; Wilsey 1996; Diaz et al. 1998; Lindroth and Kinney 1998; Roth et al. 1998 ). This question is important, however, especially in grasslands, where grazing mammals consume a large proportion of the aboveground productivity each year (McNaughton 1985; Baker et al. 1993; Parton et al. 1994; Thornley and Cannell 1997) .
Biomass increases in response to elevated CO 2 are often greater in roots than in shoots (e.g., Larigauderie et al. 1994; Morgan et al. 1994; Rogers et al. 1994; Wilsey et al. 1997 ). This increase in root biomass, and potential changes in nutrient content (Owensby et al. 1993) , could lead to changes in the number and activity of root-feeding soil fauna and in how plants respond to these organisms. Although a few studies have been made on how detritivorous soil fauna might be affected by elevated CO 2 (e.g., Diaz et al. 1993; Zak et al. 1993; Newton et al. 1995; Yeates et al. 1997; Jones et al. 1998) , virtually nothing is known about how root-feeding organisms might influence plant responses to increases in CO 2 (Newton et al. 1995; Yeates et al. 1997) . It has been hypothesized that nematodes reduce net primary productivity (NPP) of grasslands (Stanton 1983; Ingham and Detling 1986; Yeates 1987; Freckman et al. 1991; Merrill et al. 1994) , and thus, they may be important consumers in grasslands.
The objectives of this study were to determine whether plant 1276 INTERNATIONAL JOURNAL OF PLANT SCIENCES Note. Temperature and daylengths were changed on a weekly basis to simulate seasonal change. responses to defoliation and root-feeding nematodes would interact with elevated CO 2 . This was done by growing the common grasses Phleum pratense (timothy) and Poa pratensis (Kentucky bluegrass) together in mixtures under ambient and elevated CO 2 environments, with and without aboveground clipping, and with and without additions of the generalist migratory root-feeding nematode Pratylenchus penetrans. Plants were grown together and under field-estimated temperatures and nutrient availabilities to create more realistic growing conditions. Poa and Phleum were selected for the experiment because they were the dominant species in the field studies of Potvin and Vasseur (1997) in a pasture near Farnham, Quebec.
Methods
Poa pratensis and Phleum pratense are common grasses in pastures and old fields and are important forage grasses for cattle. Phleum is originally from eastern Europe; the origin of Poa is in dispute, but some investigators argue that it is native to Canada (e.g., Gleason and Cronquist 1963) . Pratylenchus penetrans, the root-lesion or meadow nematode, is a common migratory endophytic parasite of these plant species in old fields and pastures (Goodey et al. 1965; Yeates 1987) .
Plants were grown in the phytotron of McGill University. One P. pratense and one P. pratensis plant (roots and crowns only) were planted in each pot. The design of the experiment consisted of two levels of CO 2 (360 and 650 ppm by volume), two levels of defoliation (defoliated or left undefoliated), and two levels of nematodes (enriched or not enriched [background field levels]) applied to each of the two species. The experiment was conducted with two growth chambers and was replicated in time by switching the CO 2 levels between chambers and running the experiment a second time (two trials). Defoliation and nematode treatments were randomly applied to pots within each chamber in a factorial treatment arrangement. (Wang et al. 1994) Note. Grasses were grown together for 56 d under ambient (350 ppm) and elevated (650 ppm) CO 2 . They were either clipped every 3 wk to a height of 5 cm or were not clipped, and they either received root-feeding nematode additions (Pratylenchus penetrans) to soils or no additions; ns p not significant (denoted when ). P 1 0.10 during the interval of May 30-August 21, the period of most rapid growth in the field (table 1) . During each daily cycle, a low temperature was achieved at 0400 hours, and a high temperature was achieved at 1400 hours, with a leveling-off period for 1 h before and after these times. Each program ran for 1 wk and was then replaced with a program that simulated conditions for the following week. Temperature data were taken from 5-yr means (1988, 1989, 1992, 1993, 1994) from Sherbrook, Quebec (Climatic Perspectives, Environment Canada). Relative humidity was not monitored during the experiment. Light banks turned on gradually during the morning and shut off gradually during the evening to simulate daily changes in light levels (table 1) .
Plants were collected for the first trial from an abandoned pasture near Farnham, Quebec, within 20 m of open-topped chambers used in an earlier field study (Potvin and Vasseur 1997) during the fall of 1996. Poa and Phleum together made up more than 80% of the aboveground biomass of the community (Potvin and Vasseur 1997) . Plants were collected as carefully as possible, but some very deep roots may have broken off during collection. After storing plants in a cooler, crowns/roots were removed and planted into 3-L pots containing two parts sand and one part vermiculite mixture (by volume). Sampling tests with the modified Baermann funnel method (Ingham 1994) verified that there were no nematodes in the sand/vermiculite mixture. Each pot contained a single Phleum and a single Poa, and thus, planting densities were much lower than in the field. Nutrients were added five times per week at the rate of 1.1 mL Hoaglands d
Ϫ1
, and this coincided with N mineralization rates plus NO 3 deposition rates in the field (Al-Traboulsi 1999) . Light levels at canopy height averaged 570 mmol m Ϫ2 s
. Defoliation treatments were applied twice during the experiment, on days 19 and 40, by clipping plants with scissors to a height of 5 cm. This was meant to simulate a generalist large grazing mammal. Clippings were dried, weighed, and added later to the final harvest weights of biomass, which gave a measure of productivity per plant.
The nematode enrichment treatment was applied by adding 40 g of P. penetrans-infested soil to nematode-enriched pots and oven-dried soil to nonenriched pots on day 19 of the experiment (after plants had acclimated to the growing conditions). Nematode-infested soil (Vineland Silt loam) was obtained from Agricultural Canada, Pest Management Research Centre. Infested soil was 99.9% P. penetrans, with impurities caused by a few individuals of Paratylenchus sp. (J. Potter, personal communication). There was a mean of 1.825 nematodes g Ϫ1 infested soil when sampled with the modified Baermann funnel method (Ingham 1994) . Soil for control pots was spread out thinly on weighing boats and dried at 75ЊC for 36 h before applying, and this presumably killed all nematodes in the soil (Townsend 1986 ). This was done so that control pots would retain the same soil conditions as treated pots.
For the second trial, the CO 2 concentration was switched Fig. 2 End-of-experiment aboveground productivity (biomass + clippings), averaged across nematode treatments and species, in plants that were grown under ambient and elevated CO 2 concentrations and that were clipped to 5 cm twice during the experiment or were not clipped. between chambers, and the experiment was repeated in the same manner as above with plants collected from an abandoned pasture at the Morgan Arboretum, St. Anne de Bellevue, Quebec. Plants were collected at the beginning of the growing season shortly after snowmelt.
During the week before the final harvest, pots were checked for nematodes. A soil core was taken from the center of each pot with a #14 leaf borer (column 11 cm deep, 2 cm in diameter). Soil cores were checked for P. penetrans nematodes with the modified Baermann funnel method (Ingham 1994) .
At the end of the experiment (56 d), plants were harvested, separated into root and shoot biomass, dried, and weighed. Estimates of nematode numbers per gram root were calculated by multiplying the number of nematodes per core by the volume of the pot, dividing by the volume of the core, and then dividing this value by the weight of the roots per pot. Because CO 2 was applied at the chamber level, defoliation and nematode treatments were applied at the pot level, and Poa and Phleum were sampled within pots, data were analyzed with split-split-plot ANOVA with trial (blocking term) and CO 2 in the main plot, defoliations and nematode treatments and interactions in the subplot, and species effects and interactions in the sub-subplot. In a design such as this, the main plot effect has relatively low and the subplot factors have relatively high statistical power; moreover, in this study, the interactions with CO 2 in the subplot were of primary interest. All interactions between the block term (trial) and treatments were tested and found to be nonsignificant ( ), except for P 1 0.20 trial # and , so these interactions were kept in the species trial # clip model. Other interactions were pooled into block # treatment the error term. All variables were ln transformed to satisfy the assumption of normality before analyses.
Results

Shoot Response
Shoot biomass response to CO 2 enrichment varied between species ( ) and depended somewhat (not significantly) P ! 0.01 on whether the plants were defoliated. Shoot biomass and productivity of Phleum increased in response to CO 2 enrichment, whereas there was no significant increase in Poa. As a result, pots were much more strongly dominated by Phleum under elevated CO 2 compared with ambient CO 2 ( fig. 1) . Nematode additions had neither a significant effect on shoot biomass nor any interactions with other treatments (table 2) .
The amount of biomass removed during defoliation was ca. 10% of the total produced per pot ( fig. 1 ). There was a nonsignificant interaction between CO 2 and defoliation on shoot biomass variables ( clipped, whereas under elevated CO 2 , there was no difference between defoliated and nondefoliated plants ( fig. 2) . As a result, the increase in shoot productivity in response to CO 2 enrichment tended to be larger when the plants were not defoliated ( fig. 2) , and there was no additional increase from defoliation.
Root Biomass Response
Root biomass of the mixture was increased by CO 2 only in Phleum ( interaction, ). Poa root bio-CO # species P ! 0.05 2 mass did not increase with CO 2 enrichment. As a result, the dominance of root biomass by Phleum was much higher under elevated CO 2 than under ambient CO 2 . Root biomass was reduced by defoliation ( ) (table 2; fig. 2 ). P p 0.056 The presence of nematodes in washed roots at the end of the experiment verified that plants were infected. The number of nematodes per core was much higher when pots received nematode enrichments (9.9) than when they did not (2.7), and this difference was highly significant ( , , df p 1, 37 F p 40.7 ). The number of nematodes did not vary with other P ! 0.0001 treatments nor did they interact ( ). P's 1 0.16 When root biomass was regressed against nematode numbers per gram root, which is an estimate of rate of infestation, root biomass generally decreased when high infestation rates were achieved (figs. 3, 4; see figure legends for results of statistical analyses). A quadratic model was used in these analyses instead of a linear model because (1) it allowed for increased root biomass through root branching with intermediate amounts of nematode infestation (Yeates 1987) and (2) r 2 was much higher for quadratic than for linear models. Whether data were tested with a first-or second-order model changed the interpretation very little, however.
The decline in root biomass with nematode infestation rate depended on CO 2 concentration and defoliation. Root biomass declined with increased infestation in plants growing under CO 2 enrichment ( ), whereas there was no decline in P ! 0.05 control plants ( fig. 3) . A similar result was found when comparing plants that were defoliated to plants that were not defoliated ( fig. 4) . When plants were not defoliated, there was a decline in root biomass as nematode infestation increased ( ), whereas there was no decline in defoliated plants.
Discussion Fajer et al. (1991) and Wilsey et al. (1994 Wilsey et al. ( , 1997 found that plant response to defoliation was unaffected by elevated CO 2 in nine species of grasses from three separate continents and in Plantago lanceolata under average nutrient availabilities. Another study that varied nutrient availabilities with the C 3 grass Stipa occidentalis found that biomass was increased by elevated CO 2 only when plants were under high nutrient availability and were not defoliated (Wilsey 1996) . Pearson and Brooks (1996) and Roth et al. (1998) found that invertebrate herbivory and CO 2 enrichment on biomass were largely additive in an experiment with Rumex obtusifolius and two species of trees. Frequent clipping tended to dampen the response of mixtures of Trifolium repens and Lolium perenne to CO 2 enrichment in the field, although this result was only found after 3 yr of enrichment (Hebeisen et al. 1997) . Skinner et al. (1999) and Morgan et al. (2001) found that elevated CO 2 enhanced regrowth in a C 3 grass and a legume but inhibited regrowth in a C 4 grass. However, they did not compare responses to nondefoliated control plants. Thus, clipping or grazing had little effect in most cases (Fajer et al. 1991; Wilsey et al. 1994; Pearson and Brooks 1996, 1997; Morgan et al. 2001) , or it dampened plant biomass responses to elevated CO 2 (Hebeisen et al. 1997; Wilsey 1996; Morgan et al. 2001) .
In this study, I found that responses to CO 2 enrichment tended to reduce the compensatory growth after defoliation in these two grasses. Especially in the case of Phleum, plants showed large amounts of compensation for defoliation under ambient CO 2 conditions (table 3) , which has been noticed in other studies (e.g., Wallace and Macko 1993) . However, under CO 2 enrichment, this effect was much less pronounced. This may have resulted from constraints on regrowth from having reduced N content in foliage (Curtis et al. 1989; Poorter et al. 1997; Wilsey et al. 1997; Cotrufo et al. 1998) Note. Values in parentheses are standard errors. Aboveground . Nematode-enriched pots had 40 g of soil productivity p biomass + clippings infested with the endoparasitic, root-feeding parasite Pratylenchus penetrans added; control pots had 40 g of oven-dried soil (which presumably killed any nematodes) added to retain the same soil conditions between enriched and control pots.
content was unfortunately not measured in this study. However, the interaction was not quite signifi-CO # defoliation 2 cant ( ), which suggests that the trend could have been P p 0.07 spurious. Nevertheless, the data do not support the idea that CO 2 enrichment will enhance plant regrowth response to defoliation (Ryle and Powell 1992; Pearson and Brooks 1996; Polley 1997) .
Plants in this experiment were from crowns/roots taken from the field. The advantage of using field-collected plants rather than plants grown from sterilized seeds is that the plants had been exposed to natural selection events. Thus, plant responses to nematode and defoliation treatments should have been a better representation of plants in the field. However, by using field-collected roots, there was some infestation by nematodes in nonenriched plants. Pots that did not receive nematode additions, although they had much fewer nematodes per pot, were not completely nematode free. Nematodes in control pots could have been carried in from the field with roots or, although less likely, a few of them could have survived the ovendrying (Townsend 1986) . Nematode additions should be interpreted as an enrichment treatment rather than as a qualitative difference.
Nematode additions generally had smaller impacts on plants than was expected. Reductions in root biomass were not found until infestation rates were fairly high. An increase in root branching in response to low or moderate nematode infestation (Yeates 1987 ) may explain why I failed to find a reduction in biomass with low infestation rates in this study. The decline in root biomass with high rates of infestation mainly occurred when plants were grown under elevated CO 2 or were not defoliated. Both CO 2 enrichment and the removal of grazing (or defoliation) often lead to reduced N content in roots (Ruess 1988; Owensby et al. 1993; Cotrufo et al. 1998) . Al-Traboulsi (1999) found a reduction in root N content under elevated CO 2 at the same site as in this study. I suggest that CO 2 enrichment and the removal of defoliation may have reduced root N content (Cotrufo et al. 1998) , and this may have resulted in plants that were less tolerant of nematode infestations, perhaps because of reduced branching. This hypothesis should be tested in future studies.
Another important finding of this study is the different response to CO 2 between species. Poa root and shoot biomass was unresponsive to CO 2 . Poa also has shown small and even negative responses to elevated CO 2 in field studies in Kansas and Quebec (Potvin and Vasseur 1997; Owensby et al. 1999) and in another phytotron study by Al-Traboulsi (1999) . This suggests that this species is at the lower end of the range in responsiveness for C 3 grasses and for C 3 plants in general and especially when realistically low nutrient availabilities were used, as in this study. Conversely, Phleum showed a large increase in aboveground biomass and productivity in response to CO 2 enrichment and especially when plants were not clipped. As a result, the dominance of the mixture by Phleum was much higher under elevated CO 2 . This was largely consistent with the field study of Potvin and Vasseur (1997) . Saebø and Mortensen (1995) found an early reduction in shoot elongation and biomass in Phleum response to elevated CO 2 but no effect on aboveground biomass by the end of the experiment in clipped plots in Norway.
In a growth chamber experiment such as this, although fairly realistic daylengths, temperatures, and nutrient availabilities were used, it is not possible to directly extrapolate results to make predictions on how grassland and old field plants will respond to defoliation in the field. It is also difficult to compare responses among studies. However, there do appear to be some differences among studies/species. There were no interactions between CO 2 and defoliation in the C 3 dicot P. lanceolata (Fajer et al. 1991) , the C 4 grass Sporobolus kentrophyllus (Wilsey et al. 1994 ), a C 3 /C 4 intermediate (Panicum millioides), and four C 3 and four C 4 grasses (Wilsey et al. 1997) . In an earlier study, I (Wilsey 1996) found that elevated CO 2 tended to reduce the plants' regrowth response to defoliation in S. occidentalis, a C 3 grass. In this study, I found a trend in this direction in that elevated CO 2 tended to dampen plant response to defoliation, but the interaction was not significant ( ). Why is there P p 0.07 variation between species and studies? It could be because of differences in the intensity of defoliation (i.e., the frequency and height of clipping), and as this is an important difference among grasslands in the field (e.g., McNaughton 1985; Frank and McNaughton 1992) , future studies should incorporate different frequencies and intensities of defoliation. For example, a single defoliation event, especially early in the growing season, might be the scenario most likely to produce a CO 2 -enhanced regrowth effect. Multiple defoliation events, especially later in the growing season after CO 2 enrichment has caused a reduction in leaf N contents, might lead to a depressed CO 2 effect because regrowth is often N limited (McNaughton et al. 1983; Hamilton et al. 1998) , particularly if remobilization of N is inhibited by elevated CO 2 (Skinner et al. 1999) .
